1. Introduction {#s0005}
===============

As part of ongoing studies of fetal alcohol spectrum disorders (FASD), we recently reported that heavy prenatal alcohol exposure (PAE) is associated with volume reductions in 9- to 11-year-old children in the corpus callosum (CC) and bilaterally in the caudate nucleus and hippocampus using manual tracing ([@b0025]). Although manual segmentation by hand tracing remains the "gold standard" for measuring structure volumes ([@b0020], [@b0030], [@b0055], [@b0065], [@b0135]) on magnetic resonance (MR) images, it is time consuming and considered impractical for large datasets. Hand tracing of a single complex subcortical structure, such as the hippocampus, can take from 1 to 2 h ([@b0010], [@b0055], [@b0135]) and an entire brain can take 1 week or more to trace ([@b0065]). Moreover, it has been shown that even when using a single tracer, drift occurs over time due to fatigue ([@b0225]).

In recent years a number of semi-automated and automated segmentation tools and brain atlases have been developed (see [@b0085] for a review) to facilitate morphometric analyses of large datasets. Automated segmentation of a single brain performed with the same software on the same hardware and operating system has very high test--retest reliability ([@b0075]). However, when comparing volumes from manual and automated segmentation in both healthy ([@b0045], [@b0135], [@b0160]) and pathological ([@b0005], [@b0055], [@b0060], [@b0080], [@b0115], [@b0145], [@b0155], [@b0165], [@b0175], [@b0190], [@b0200]) adult populations, findings have varied. A recent study in which a typical neuropsychiatric magnetic resonance imaging (MRI) dataset was segmented using three automated segmentation methods (FreeSurfer; FSL-FIRST -- FMRIB Integrated Registration and Segmentation Tool, Oxford University, Oxford, UK; volBrain -- <http://volbrain.upv.es>) demonstrated good partial correlation (0.77--0.87) to manually traced volumes on an "easy-to-segment" structure, such as the caudate nucleus, while a more difficult structure, such as the hippocampus, achieved moderate correlation (0.35--0.62) but poor absolute agreement (intraclass correlation (ICC) 0.07--0.10) ([@b0010]). While absolute volume differences may reflect differences in segmentation protocol, correlation analyses provide a measure of consistency between methods. Taken together, findings from previous studies suggest that performance of automated methods depends on the segmented structure as well as the protocol used and that discrepancy is greater in atrophic brains ([@b0175]) and smaller brain regions ([@b0080], [@b0115], [@b0185]).

To date, it remains uncertain to what extent smaller brain volumes and potential changes in grey/white matter contrasts in paediatric brains impact on the performance of automated methods. We found only one study in children (age 6--11 yr) that examined accuracy of automated subcortical segmentation ([@b0185]). Hippocampal and amygdala volumes using FreeSurfer and FSL-FIRST, respectively, showed moderate (0.61--0.77) and weak (0.31--0.59) correlations with those from manual segmentation, and all ICCs, except left hippocampus volume from FreeSurfer, failed to reach 0.70 ([@b0185]). Performance may be worse in paediatric conditions, such as fetal alcohol syndrome (FAS), that are characterised by small head circumference and reduced total brain volume ([@b0095]).

Since the aim of many research studies is to examine brain changes associated with pathology, the ability and accuracy of automated techniques in distinguishing individuals in a clinical group from healthy controls may be more important than absolute agreement. While FreeSurfer has been shown to perform reasonably well in this regard in patients with Alzheimer's Disease, demonstrating volume reductions ([@b0115], [@b0190]) and hippocampal atrophy rates ([@b0140]) similar to manual segmentation, automated methods have been less successful in distinguishing between groups or identifying associations with behavioural/clinical outcomes in other pathologies. For example, in patients with HIV, the association of caudate, putamen, amygdala, and hippocampal volumes with clinical measures of disease progression differed for outputs generated by FreeSurfer, IBASPM (Individual Brain Atlases using Statistical Parametric Mapping) and auto-assisted manual tracings ([@b0055]). Depression-related hippocampal volume reductions were detected with FreeSurfer but not FSL-FIRST ([@b0135]), and in former National Football League (NFL) players with neurobehavioral symptoms, automated FreeSurfer segmentation identified group differences relative to age-matched controls in 4 of 11 regions, compared to 8 of 11 with manual correction, as well as different regions showing associations with neurobehavioral factors ([@b0080]). Due to an absence of subgroups, [@b0185] could not examine this question in their study on segmentation accuracy in children. Notably, in our research on 5-year-old children with HIV, automated segmentation with FreeSurfer yielded no volumetric differences compared to uninfected controls in basal ganglia, other than reductions in left globus pallidus and a tendency to larger corpus callosi. In contrast, manual segmentation demonstrated HIV-related volume *increases* in the left globus pallidus and bilaterally in the nucleus accumbens (NA) and putamen, as well as CC *reductions* ([@b0170]).

In the present work, we examine whether using data from an automated FreeSurfer segmentation would alter our ability compared to manual segmentation to detect PAE-related volume changes in subcortical regions and the corpus callosum (CC) in school-aged children. To date, the impact of the segmentation method when assessing effects of PAE has only been investigated in the cerebellum ([@b0035]) using the Cerebellar Analysis Toolkit (CATK), which was able to detect changes related to PAE in 20 children and adolescents (aged 10--18 yr) similar to those found using manual tracing. Despite a known tendency to overestimate subcortical volumes ([@b0045], [@b0055], [@b0060], [@b0185], [@b0200]), we chose to use FreeSurfer, as it has been shown to perform better than other automated methods on some of the structures we were investigating ([@b0055], [@b0135], [@b0185]) with greater power to detect group differences ([@b0135]). Since FreeSurfer was updated during our study, we present comparisons to outputs from manual tracing for two versions to examine progress towards gold standard manual segmentation. We hypothesized that data from both manual tracing and FreeSurfer would demonstrate PAE-related volumetric reductions in the CC and bilaterally in the caudate nuclei and hippocampi.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Participants consisted of children from our Cape Town Longitudinal Cohort, who were born to Cape Coloured (mixed ancestry) pregnant women recruited from 1998 to 2002 from an antenatal clinic in a historically disadvantaged community in Cape Town, South Africa ([@b0105]), where prevalence of alcohol abuse is unusually high and fetal alcohol syndrome (FAS) is among the highest in the world ([@b0125]). Pregnant women were screened and recruited at clinic enrolment and interviewed twice during pregnancy and once within 1 month postpartum (to capture 3rd trimester drinking) regarding alcohol consumption using the timeline follow-back approach ([@b0100]), which includes questions about how much alcohol (beer, wine, hard liquor) the mother consumed over a 2-week period preceding the interview. The volume of alcohol consumed was then converted to ounces of absolute alcohol (oz AA; 1 oz AA is the equivalent of ≈2 standard drinks) and three measures of alcohol consumption computed -- oz AA per day (AA/day), oz AA per drinking occasion (AA/drinking day), and frequency of drinking (drinking days/week). At time of recruitment binge drinking was 5 or more drinks/occasion. Any woman who reported alcohol consumption of at least 1 oz AA/day or at least 2 instances of binge drinking within her first trimester was invited to participate in the study. Pregnant women from the same clinic were invited to participate as controls if they reported abstaining or minimal alcohol consumption and no binge drinking. Participants were also interviewed at each of these visits about their illicit drug use (marijuana, methaqualone ("mandrax") and cocaine use/day) and number of cigarettes smoked per day during pregnancy.

Exclusion criteria for participation were age \<18 years or chronic medical problems, such as diabetes, epilepsy or cardiac problems. Infants from multiple births were excluded, as well as those presenting with major chromosomal anomalies, seizures and neural tube defects.

The children were independently examined by two expert dysmorphologists (H.E. Hoyme, M.D. (H.E.H.) and L.K. Robinson, M.D.) at FASD diagnostic clinics we organized in 2005 and 2009. Children were examined for growth and FAS-related dysmorphic features using a standard protocol based on the Revised Institute of Medicine criteria ([@b0095]). The determination of which children met criteria for diagnosis with FAS or partial FAS (PFAS) was made during case conferences with the dysmorphologists and SWJ, JLJ, CDM. If children did not fall into either of these diagnostic groups they were placed, based on maternal alcohol consumption, into either the non-syndromal heavily exposed (HE) group or the control group. Diagnoses of the children were confirmed by examinations in follow-up diagnostic clinics in 2013 and 2016, in which H.E.H. was again the lead dysmorphologist. For purposes of the present analyses, data from the two syndromal groups, FAS and PFAS, were combined.

2.2. Magnetic resonance image (MRI) acquisition {#s0020}
-----------------------------------------------

81 right-handed children were scanned at the Cape Universities Brain Imaging Centre (CUBIC) using a 3T Siemens Allegra MRI (Siemens Medical Systems, Erlangen, Germany) when they were 9--11 years old ([@b0130]). High-resolution T1-weighted images were obtained using a volumetric navigated ([@b0210]) multi-echo magnetization prepared rapid gradient echo (MEMPRAGE) sequence. This sequence was optimized for analysis with FreeSurfer ([@b0215]). Imaging parameters were: FOV 256 × 256 mm^2^, 128 sagittal slices, TR 2530  ms, TE 1.53/3.21/4.89/6.57 ms, TI 1100 ms, flip angle 7°, voxel size 1.3 × 1.0 × 1.3 mm^3^, acquisition time 8:07 min. Real-time motion tracking and correction by the volumetric navigator reduced artefacts resulting from motion.

Ethics approval was obtained from the human research ethics committees of the University of Cape Town Faculty of Health Sciences and Wayne State University. Written informed consent was obtained from the mothers/guardians and oral assent from the children.

2.3. Segmentation protocol {#s0025}
--------------------------

A blinded neuroanatomical researcher (S.B.) traced the NA, caudate nuclei, hippocampi and CC manually on MR images with Multitracer ([@b0220]) software on a Wacom tablet laptop (Lenovo ThinkPad X200) using a previously described protocol ([@b0025]). Briefly, hippocampal tracings only included grey matter and neither the alveous (a white matter sheath surrounding the anterior hippocampus) nor the fornices (white matter projections from the hippocampus). The caudate nucleus and NA were traced together using the lateral ventricle as the medial border and surrounding white matter (WM) as the lateral border. These two structures were separated by drawing a straight line between the inferior border of the lateral ventricle and the border of the internal capsule. Multitracer "frust" volumes were computed for these structures. The CC was traced on two contiguous midline sagittal slices and averaged to give CC area. Images of 10 randomly selected participants were re-traced by S.B. to assess intra-rater reliabilities, and by another blinded neuroanatomical researcher (S.R.) to assess inter-rater reliabilities.

Automated segmentation and parcellation were performed using both FreeSurfer versions 6.0.0 (FS6.0) and 5.1.0 (FS5.1). Segmentations were visually checked for accuracy; no manual corrections were required.

Ten participants were excluded -- three due to pathology unrelated to the research question (2 HE; 1 control) and seven due to compromised image quality (1 FAS; 2 HE; 4 controls). With regards the three pathological exclusions: two (1 HE, 1 control) were due to the inferior boundary of the frontal horn of the lateral ventricle not being visible, which meant that the delineation separating the NA and caudate nucleus could not be performed; one HE participant was excluded due to abnormal hypointensity superior to the lateral ventricle.

2.4. Statistical analyses {#s0030}
-------------------------

Statistical analyses were performed in SPSS statistical package version 25 (SPSS Inc, Chicago, IL).

### 2.4.1. Reliability {#s0035}

Test-retest and inter-rater reliabilities of manual tracings were assessed using Pearson correlation, as well as ICC based on a mean-rating two-way mixed-effects model. We report ICC estimates for both consistency (correspondence) and absolute agreement (presence of systematic differences). The convention proposed by Koo and Li (2016) was adopted whereby ICC estimates \<0.5 indicate poor reliability, values between 0.5 and 0.75 moderate reliability, between 0.75 and 0.9 good reliability, and values ≥0.9 excellent reliability.

ICC estimates for consistency and absolute agreement based on a single-rating two-way mixed-effects model, as well as Cronbach's α and Bland-Altman plots, were used to test agreement between regional volumes obtained from the three different segmentation methods. In view of the fact that FreeSurfer computes a CC volume and our manual tracing protocol an area on a mid-sagittal slice, normalised z-scores were used in the analyses involving the CC volumes/areas.

### 2.4.2. Validity {#s0040}

To examine whether the three segmentation methods performed similarly across diagnostic groups, we performed a repeated measures general linear model (GLM) for each region with main effects of group and method, and group by method interactions.

Regions showing volume differences between diagnostic groups were additionally identified for each segmentation method separately using ANOVAs. Potential confounders, including child sex and age at scan (yr), socioeconomic status (SES; [@b0090]), maternal smoking during pregnancy (cigarettes/day), and postnatal lead exposure (μg/dl) obtained from a blood sample at 5 years, were subsequently controlled for in the group comparisons using ANCOVA. An additional ANCOVA was run to examine whether group differences persisted after adjustment for TIV. It should be noted that linearly controlling for total brain volume in this way neglects the allometric phenomenon whereby different brain regions may exhibit different scaling relations to TIV. For manually traced data, TIVs from FS6.0 were used.

Since degree of alcohol exposure often demonstrates greater sensitivity to detect PAE-related pathology than FASD diagnosis, we additionally examined the association between a continuous measure of alcohol exposure (oz AA/day) and structure volumes (or CC area for manually traced data) using Pearson correlation for each segmentation method separately. Multiple regression was used to control for potential confounders, and TIV was included in an additional step to determine whether regions were disproportionately affected compared to whole brain volume reductions typically seen in PAE.

Finally, multiple regression analyses were used to compare differences in effect size generated by each of the segmentation methods. Separate regressions were run for each method. PAE functioned as the "dependent variable" in these analyses; confounders without and with TIV were entered in Steps 1 and 2, respectively; the volumes of the three most affected regions, in Step 3. The additional variance in PAE explained by the volumes jointly at Step 3 provides a summary measure of the effect size associated with each segmentation method.

3. Results {#s0045}
==========

Sample characteristics for the 71 children and their mothers are summarized in [Table 1](#t0005){ref-type="table"}. Children in the FAS/PFAS and control groups were slightly younger than those in the HE group. Those in the FAS/PFAS group had lower IQs, and TIVs were smaller for the syndromal FAS/PFAS group than the non-syndromal HE and control groups. Groups did not differ by sex or childhood lead exposure. There was a tendency for mothers of children in the FAS/PFAS group to smoke more cigarettes than those in the control group.Table 1Sample characteristics.ExposedControlHEFAS/PFASTotal*F* or *X^2^*(*n* = 19)(*n* = 25)(*n* = 27)(*N* = 71)**Child:** Sex: Male*n*(%)9(47%)16(64%)14(52%)39(55%)1.37 Age at scan (yr)[a](#tblfn2){ref-type="table-fn"}Mean (SD)10.6(0.5)11.0(0.7)10.5(0.6)10.7(0.7)4.05\* WISC-IV IQ[b](#tblfn3){ref-type="table-fn"}Mean (SD)73(10.7)76(11.1)64(11.0)71(12.1)8.73\*\* TIV (×10^6^ mm^3^)[c](#tblfn4){ref-type="table-fn"}Mean (SD)1.407(0.085)1.457(0.134)1.319(0.166)1.391(0.015)6.76\* Lead (ug/dl)Mean (SD)9.2(3.5)9.4(3.3)11.6(5.9)10.2(4.6)2.16**Maternal:** Cigarettes/day[d](#tblfn5){ref-type="table-fn"}^,^[\#](#tblfn1){ref-type="table-fn"}Median(IQR)0.0(5.0)5.3(8.3)7.5(5.0)5.0(10.0)2.38[†](#tblfn12){ref-type="table-fn"} Marijuana (yes)*n* (%)0(0%)2(8%)3(11%)5(7%)2.16 Cocaine (yes)*n* (%)0(0%)0(0%)1(3.7%)1(1%)1.65**Alcohol at conception** AA/day (oz)[e](#tblfn6){ref-type="table-fn"}Median(IQR)0.0(0.0)0.6(1.0)1.3(1.3)0.6(1.3)35.67\*\*\* AA/drinking day (oz)[f](#tblfn7){ref-type="table-fn"}Mean (SD)0.06(0.3)2.8(2.2)4.6(2.4)2.8(2.7)28.50\*\*\* Drinking days/wk[g](#tblfn8){ref-type="table-fn"}Mean (SD)0.0(0.1)1.4(1.1)2.7(1.6)1.5(1.6)26.90\*\*\***Alcohol across pregnancy**  AA/day (oz)[h](#tblfn9){ref-type="table-fn"}Median(IQR)0.0(0.0)0.2(0.7)1.0(0.8)0.3(1.0)31.61\*\*\* AA/drinking day (oz)[i](#tblfn10){ref-type="table-fn"}Mean(SD)0.06(0.3)3.4(2.4)4.2(1.8)2.8(2.5)31.04\*\*\* Drinking days/wk[j](#tblfn11){ref-type="table-fn"}Mean (SD)0.0(0.0)1.0(0.8)2.0(1.3)1.1(1.2)26.47\*\*\*[^1][^2][^3][^4][^5][^6][^7][^8][^9][^10][^11][^12][^13]

By design, mothers of children in the FAS/PFAS and HE groups consumed more alcohol than mothers of control children, with FAS/PFAS mothers consuming more than the HE mothers except for AA/drinking day. The key difference between mothers of the FAS/PFAS and HE groups was that the FAS/PFAS mothers binge drank more frequently -- drinking twice as often per week. All but one mother in the control group abstained from drinking during pregnancy -- that mother consumed only 2 drinks/occasion on 2--3 days during her pregnancy. Marijuana and cocaine use were rare and did not differ by group; none of the mothers reported using methaqualone.

3.1. Reliability {#s0050}
----------------

In all brain regions traced manually, except left NA, test--retest reliabilities were greater than 0.93 on all tests performed, indicating that the same rater can repeatedly trace the same structures with excellent agreement. In left NA, values on the different tests ranged from 0.74 (Pearson correlation) to 0.84 (ICC absolute agreement).

Inter-rater ICCs for consistency and absolute agreement were ≥0.95 in all regions, except right hippocampus and bilateral NA. In right hippocampus and right NA, ICCs were between 0.90 and 0.95; and in left NA, both consistency and agreement were worst at 0.83. Inter-rater Pearson correlations were ≥0.90 in all regions except right hippocampus and left NA, where values were 0.89 and 0.71, respectively. Overall, these results suggest that another trained neuroanatomist would obtain similar results on the same ROIs given the same manual tracing protocol, even in the left NA, where reliabilities would at a minimum be acceptable.

When comparing volumes from the three segmentation methods, the caudate nuclei and z-normalised CC demonstrated good to excellent consistency and absolute agreement ([Table 2](#t0010){ref-type="table"}). Overall, ICC consistency across all three methods for NA and hippocampi were moderate (≥0.5 but \<0.75) but absolute agreement poor (\<0.5). In hippocampi, ICC consistency across all three methods at least reached 0.70, which has often been considered a minimum standard for adequate reliability ([@b0150], [@b0205]). Notably, consistency in NA between manual tracing and FS5.1 failed to reach 0.5, while consistency between manual tracing and FS6.0 fell just short of reaching 0.5 for the left NA and was greater on the right, pointing to improvements in automated segmentation with version updates. The fact that consistency between FS5.1 and FS6.0 in NA was only moderate, and agreement poor to moderate, highlight that automated segmentation of this region may not be reliable. Internal consistency, reflected by Cronbach's α, was ≥0.87 in all regions except the NA. Although TIV estimates from versions 5.1 and 6.0 showed moderate consistency and agreement, those from version 6.0 were significantly higher than those from version 5.1 (FS5.1 mean ± sd: (1.326 ± 0.014) × 10^6^ mm^3^; FS6.0: (1.391 ± 0.015) × 10^6^ mm^3^; *p* \< 0.001).Table 2Reliabilities of regional volumes obtained from manual tracing and automated segmentation with FreeSurfer versions 5.1 and 6.0, respectively, as reflected by intraclass correlation (ICC) coefficients and 95% confidence intervals (CIs) for consistency and absolute agreement, and Cronbach's α (*N* = 71).PAIRWISE COMPARISONSCOMPARISON OF ALL THREE SEGMENTATION METHODSFS5.1 vs MANUALFS6.0 vs MANUALFS5.1 vs FS6.0RegionsConsistency (95% CI)Absolute Agreement (95% CI)Consistency (95% CI)Absolute Agreement (95% CI)Consistency (95% CI)Absolute Agreement (95% CI)Consistency (95% CI)Absolute Agreement (95% CI)Cronbach's αTIV[1](#tblfn13){ref-type="table-fn"}--------0.69 (0.55--0.80)0.63 (0.36--0.78)----0.82Grey matter ROIs L Caudate0.86 (0.79--0.91)0.86 (0.78--0.91)0.89 (0.83--0.93)0.87 (0.75--0.93)0.93 (0.88--0.95)0.88 (0.57--0.95)0.89 (0.84--0.93)0.87 (0.79--0.92)0.96 R Caudate0.86 (0.78--0.91)0.85 (0.77--0.91)0.91 (0.86--0.94)0.91 (0.86--0.94)0.95 (0.93--0.97)0.94 (0.89--0.97)0.91 (0.86--0.94)0.90 (0.86--0.93)0.97 L NA0.34 (0.11--0.53)0.13 (−0.08--0.37)0.49 (0.29--0.65)0.22 (−0.09--0.52)0.67 (0.52--0.78)0.60 (0.31--0.77)0.50 (0.36--0.63)0.26 (0.01--0.49)0.75 R NA0.40 (0.19--0.58)0.08 (−0.05--0.28)0.63 (0.47--0.75)0.25 (−0.08--0.59)0.70 (0.55--0.80)0.39 (−0.10--0.72)0.57 (0.45--0.69)0.19 (−0.02--0.43)0.80 L Hippocampus0.60 (0.43--0.73)0.06 (−0.02--0.24)0.67 (0.51--0.78)0.08 (−0.02--0.31)0.83 (0.74--0.89)0.74 (0.32--0.88)0.70 (0.59--0.79)0.11 (−0.01--0.31)0.87 R Hippocampus0.68 (0.53--0.79)0.08 (−0.02--0.30)0.70 (0.56--0.80)0.07 (−0.02--0.29)0.85 (0.77--0.90)0.83 (0.71--0.90)0.75 (0.65--0.82)0.12 (−0.01--0.33)0.90White matter ROI CC[2](#tblfn14){ref-type="table-fn"}0.85 (0.77--0.90)0.85 (0.77--0.90)0.84 (0.75--0.90)0.84 (0.75--0.90)0.95 (0.93--0.97)0.95 (0.93--0.97)0.88 (0.83--0.92)0.88 (0.83--0.92)0.96[^14][^15][^16]

Visual inspection of Bland-Altman plots of agreement between FS6.0 and manual tracing ([Fig. 1](#f0005){ref-type="fig"}, left panel), and the two versions of FreeSurfer ([Fig. 1](#f0005){ref-type="fig"}, right panel), demonstrated no associations of volume differences between methods and average volumes in any region, but confirmed substantial bias in NA and hippocampi where manually traced volumes were smaller than those from FS6.0.Fig. 1Bland-Altman plots of agreement between (left) manual tracing and FreeSurfer version 6.0 (FS6.0), and (right) FS5.1 and FS6.0. Comparisons involving manually traced CC areas used z-normalised areas (manual) and volumes (FS6.0). The solid lines represent the mean differences, and the dashed lines, the mean ± 1.96 standard deviations.

3.2. Validity {#s0055}
-------------

[Fig. 2](#f0010){ref-type="fig"} shows box-and-whisker plots comparing subcortical volumes from the three segmentation methods separately within each diagnostic group, together with differences (at *p* \< 0.05) on *posthoc* pairwise comparisons. Repeated measures GLMs revealed main effects of segmentation method in all regions (all *p*'s ≤ 0.008) except CC where z-normalised volumes/areas showed no differences between methods (*p* = 0.99), and main effects of group in bilateral NA and hippocampi (all *p*'s ≤ 0.005), and below conventional levels of significance in left caudate (*p* = 0.06) and CC (*p* = 0.08). Interactions between method and diagnostic group were evident in the right NA (*p* = 0.001) and left hippocampus (*p* = 0.02), and below conventional levels of significance in the right caudate (*p* = 0.07) and right hippocampus (*p* = 0.08). In right NA and left hippocampus, the method by group interaction was attributable to FS5.1 and FS6.0 demonstrating smaller volumes in children with FAS/PFAS, not seen with manual tracing (see [Table 3](#t0015){ref-type="table"}). In right caudate, volume differences between segmentation methods seen in HE children were not apparent in the other groups ([Fig. 2](#f0010){ref-type="fig"}), and in right hippocampus, FS5.1 volumes were smaller than those from FS6.0 only in HE children. Despite these interaction effects, [Fig. 2](#f0010){ref-type="fig"} shows that the pattern in which volumes differed between the three segmentation methods were generally similar across diagnostic groups. Notably, except in the caudate nuclei, manually traced volumes were typically smaller than those from either version of FreeSurfer, and volumes from FS6.0 were generally smaller than those from FS5.1. Exceptions to the latter being right caudate and right hippocampus in control and FAS/PFAS groups where FS5.1 and FS6.0 volumes were similar, and right hippocampus in HE children and CC where volumes from FS6.0 were larger than those from FS5.1.Fig. 2Box-and-whisker plots comparing subcortical volumes (mm^3^) from the three segmentation methods within diagnostic groups. Brackets indicate differences between methods (at *p* \< 0.05) on *posthoc* pairwise comparisons.Table 3Comparison of regional volumes by diagnostic group for each of the three segmentation methods separately.ROIControl (*n*=19)HE (*n*=25)FAS/PFAS (*n*=27)Total (*N*=71)% Difference relative to controls*pp*~1~*p*~2~FAS/PFASHEA. MANUAL TRACING[a](#tblfn15){ref-type="table-fn"}Grey matter ROIsVolumes (mm^3^)L Caudate3929(563)3785(536)3585(573)3748(567)−8.7−3.70.1180.1550.356R Caudate3936(582)3806(541)3655(617)3783(584)−7.1−3.30.2720.2940.406L NA542(117)549(71)501(90)529(93)−7.61.30.1430.0510.320R NA490(95)492(82)464(90)481(88)−5.30.40.4720.1760.810L Hippocampus2400(224)2394(339)2272(365)2349(325)−5.3−0.30.2940.2130.722R Hippocampus2432(185)2473(296)2255(319)2379(294)−7.31.7**0.0160.002**0.065White matter ROIAreas (mm^2^)CC564(64)569(105)524(80)551(88)−7.10.90.1280.4520.896  B. AUTOMATED SEGMENTATION FreeSurfer v.5.1.0[b](#tblfn30){ref-type="table-fn"}Grey matter ROIsVolumes (mm^3^)L Caudate3942(509)3897(525)3606(591)3798(560)−8.5−1.10.0720.0900.193R Caudate3977(468)4000(542)3662(562)3865(548)−7.90.6**0.047**0.0700.265L NA753(104)757(148)670(97)723(125)−11.00.5**0.017**0.1080.212R NA848(118)836(127)713(101)792(130)−15.9−1.4**\<0.0010.0010.002**L Hippocampus3780(219)3839(262)3520(325)3702(310)−6.91.6**\<0.001\<0.0010.013**R Hippocampus3685(185)3681(261)3379(333)3567(309)−8.3−0.1**\<0.0010.0040.028**White matter ROICC3302(320)3265(624)3008(447)3177(502)−8.9−1.10.0800.2340.586  C. AUTOMATED SEGMENTATION FreeSurfer v.6.0.0[b](#tblfn30){ref-type="table-fn"}Grey matter ROIsVolumes (mm^3^)L Caudate3777(487)3723(524)3423(516)3624(529)−9.4−1.4**0.0390.037**0.341R Caudate3915(547)3882(527)3611(568)3787(558)−7.8−0.80.1100.1230.534L NA704(85)689(95)630(70)670(88)−10.5−2.1**0.0070.006**0.174R NA663(81)682(113)605(90)648(101)−8.72.9**0.0160.010**0.508L Hippocampus3667(173)3667(291)3364(336)3552(317)−8.30**\<0.0010.003**0.169R Hippocampus3723(192)3796(269)3429(332)3637(321)−7.92.0**\<0.001\<0.001**0.059White matter ROICC3492(291)3493(672)3204(508)3383(541)−8.200.0910.3250.960[^17][^18][^19][^20][^21][^22]

When assessing agreement of methods in detecting effects of PAE on regional brain volumes, manually traced data only demonstrated reductions in right hippocampus in children with FAS/PFAS compared to HE and control children ([Table 3](#t0015){ref-type="table"}A), while automated segmentation demonstrated reductions in FAS/PFAS children compared to both other groups (all *posthoc p*'s ≤ 0.05) unilaterally in caudate (right on FS5.1; left on FS6.0) and bilaterally in NA and hippocampus ([Table 3](#t0015){ref-type="table"}B and C). Virtually all of the findings remained significant after control for confounders (column *p*~1~ in [Table 3](#t0015){ref-type="table"}). When adjusting for TIV (column *p*~2~ in [Table 3](#t0015){ref-type="table"}), only right hippocampus tended to be disproportionately smaller on volumes from manual tracing and FreeSurfer v.6.0. By contrast, volumes from the older FreeSurfer v.5.1 demonstrated disproportionate reductions in right NA and bilateral hippocampus in children with FAS/PFAS compared to the other groups.

All three segmentation methods demonstrated association of increasing PAE with decreasing caudal and hippocampal volumes -- effects that largely remained significant after control for confounders and TIV ([Table 4](#t0020){ref-type="table"} and [Fig. 3](#f0015){ref-type="fig"}). Except for right NA in FS5.1, associations of increasing PAE with smaller NA volumes seen only in data from automated segmentation, did not survive after adjustment for TIV. Although higher PAE was related to smaller CC size across all methods, the association did not survive in manually traced data after control for confounders, nor in any of the methods after adjustment for TIV. Comparing the slopes using a *t*-test ([@b0195], [@b0050]) revealed no differences (all *p*'s ≥ 0.14) between methods in any regions except CC, for which the slope of the manually traced areas as a function of oz AA consumed per day (slope ± standard error = −69 ± 24 mm^2^/oz AA/day) was smaller than with CC volumes from FS5.1 (−456 ± 132 mm^3^/oz AA/day, *p* = 0.005) or FS6.0 (−513 ± 141 mm^3^/oz AA/day, *p* = 0.002), and right NA for which the slope with manually traced volumes was smaller than with FS5.1 volumes (manual: −18 ± 25; FS5.1: −113 ± 34, *p* = 0.03).Table 4Association of amount of prenatal alcohol exposure with subcortical and corpus callosum sizes for each of the segmentation methods separately.Manual TracingFreeSurfer v. 5.1FreeSurfer v. 6.0ROI*r (p)β*~1~*(p)β*~2~^a^*(p)r (p)β*~1~*(p)β*~2~^b^*(p)r (p)β*~1~*(p)β*~2~^a^*(p)*L Caudate**−0.366−0.418−0.271−0.335−0.435−0.351−0.353−0.467−0.320(0.002)(0.003)(0.035)(0.004)(0.002)(0.007)(0.002)(0.001)(0.009)**R Caudate**−0.311−0.378**−0.249**−0.347−0.432−0.347−0.315−0.413−0.269(0.008)(0.008)**(0.066)**(0.003)(0.001)(0.006)(0.007)(0.003)(0.036)**L NA−0.142−0.203−0.117**−0.272**−0.266−0.228**−0.265−0.336**−0.129(0.239)(0.141)(0.399)**(0.022)**(0.067)(0.122)**(0.026)(0.022)**(0.282)R NA−0.085−0.176−0.055**−0.369−0.413−0.359−0.264−0.366**−0.197(0.481)(0.204)(0.681)**(0.002)(0.002)(0.008)(0.026)(0.011)**(0.122)L Hippocampus**−0.295−0.391−0.319−0.352−0.392−0.259−0.458−0.467−0.318(0.012)(0.006)(0.028)(0.003)(0.007)(0.034)(\<0.001)(\<0.001)(0.007)**R Hippocampus**−0.275−0.394−0.283−0.487−0.425−0.337−0.411−0.419−0.257(0.020)(0.007)(0.047)(\<0.001)(0.001)(0.005)(\<0.001)(0.002)(0.032)**CC**−0.335**−0.231−0.101**−0.384−0.292**−0.228**−0.400−0.314**−0.184**(0.004)**(0.103)(0.456)**(0.001)(0.036)**(0.095)**(0.001)(0.023)**(0.160)[^23][^24][^25][^26][^27]Fig. 3Scatter plots for each region and each segmentation method of volume (and manually traced corpus callosum area) as a function of prenatal alcohol exposure.

Multiple regression analyses of amount of PAE as a function of confounders and TIV, demonstrated significant improvement when hippocampal, caudal and CC volumes from FS6.0 were added to the model, but not when hippocampal and caudal volumes and CC area from manual tracing were added ([Table 5](#t0025){ref-type="table"}). NA volumes were not included in these models due to their lower reliabilities and absence of associations with PAE in manually traced data.Table 5Comparison for the three segmentation methods of the additional variance in the amount of prenatal alcohol exposure that is explained when hippocampal, caudal and CC sizes are added to the multiple regression model.Segmentation MethodModel 1Model 2Model 3R^2^ changeR^2^ change*p*R^2^ change*p*Manual tracing[a](#tblfn16){ref-type="table-fn"}0.3420.050**0.025**0.0710.188FreeSurfer v5.1[b](#tblfn17){ref-type="table-fn"}0.3420.0360.0600.1030.052FreeSurfer v6.0[a](#tblfn16){ref-type="table-fn"}0.3420.050**0.025**0.112**0.031**[^28][^29][^30][^31][^32][^33]

4. Discussion {#s0060}
=============

4.1. Reliability {#s0065}
----------------

Our results support findings from other studies showing good to excellent consistency and agreement between manual and automated segmentations for the caudate nucleus and CC, which are relatively easy to segment ([@b0010]). Across FASD diagnostic groups, these regions also demonstrated fewer and smaller volume differences between methods than other regions ([Fig. 2](#f0010){ref-type="fig"}). In contrast, for the NA and hippocampus that are more difficult to delineate, consistency was moderate but absolute agreement poor (\<0.26). [@b0185] reported similar ICC consistencies between manual and automated FreeSurfer (v4.4) segmentation in children aged 6--11 years of 0.74 (CI: 0.66--0.81) and 0.68 (CI: 0.59--0.76) for the left and right hippocampus, respectively, but overestimation of volumes by 60.4% and 51.5%, respectively. The poor absolute agreement scores may reflect differences in segmentation protocols, while the moderate consistency scores suggest somewhat reliable systematic differences. Notably, Cronbach's α values were substantially higher than ICC estimates in all regions. Commonly accepted criteria for Cronbach's α suggest that internal consistency should not be below 0.80 in basic research and should be above 0.90 for widely used scales; α ≥ 0.95 should be the desired standard for any scale ([@b0040], [@b0110]). Our findings here of internal consistency across methods ≥0.80 in all regions except the left NA, despite varying results on ICC, highlight why this measure should be interpreted with caution and not in isolation when assessing reliability.

Since it has been reported that discrepancy of automated segmentation is greater in atrophic brains ([@b0175]), it is encouraging that a comparison of segmentation methods separately within each diagnostic group yielded similar results in children that had been prenatally exposed to alcohol compared to controls. Within each of the diagnostic groups, manually traced NA and hippocampi were smaller than those from automated segmentations using either version of FreeSurfer. [@b0185] similarly found that FreeSurfer, albeit an earlier version, overestimated hippocampal and amygdala volumes in 6- to 11-year-old children. Differences between volumes from the two FreeSurfer versions were also consistent across diagnostic groups. In all regions except right caudate, right hippocampus and CC, volumes from FS6.0 were smaller than those from FS5.1. These differences point to changes and potentially greater accuracy in the delineation of subcortical structures on the newer version of FreeSurfer.

It is interesting that comparisons of automated and manual segmentation in the caudate nuclei and right hippocampus yielded slightly different results in HE children compared to the other two groups. Specifically, right caudal volumes on FS5.1 that were similar to other methods in controls and children with FAS/PFAS were larger in HE children; left caudal volumes from FS6.0 that were smaller than those from manual tracing in other groups were similar in HE children; and finally, right hippocampal volumes on FS6.0 that were similar to those from FS5.1 in controls and children with FAS/PFAS were larger in HE children. While we do not have explanations for these discrepancies, it is possible that greater diversity in the HE group may play a role. These children's mothers often drank as heavily, albeit less frequently, than mothers of children with FAS/PFAS, and it is not known why or to what extent these children may have been spared.

[Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}, [Fig. 7](#f0035){ref-type="fig"} illustrate on comparable slices in the same subjects differences between manual and automated segmentations of the regions examined here, as well as inaccurate inclusion by FreeSurfer of external structures that may contribute to overestimation of volumes. The dotted lines in [Fig. 4](#f0020){ref-type="fig"}A indicate where the superior borders of the NA were drawn on the caudate nuclei tracings. The fact that we created a theoretical, rather than organic, border to separate the NA from the caudate nucleus in our manual tracing protocol ([@b0025], [@b0120], [@b0170]) probably contributed to the fact that consistency across methods was worst and absolute agreement poor in this region. Of note (see [Fig. 4](#f0020){ref-type="fig"}B) is the erroneous inclusion of the anterior commissure (indicated by a white circle) by FreeSurfer v.5.1 in the volume of the left NA, which manual tracing and FreeSurfer v.6.0 correctly excluded. The small size of the NA may additionally exacerbate the already high variability and poor reliability in this region ([@b0080], [@b0115], [@b0185]).Fig. 4(Left) Coronal slice showing the basal ganglia, and (right) zoomed images showing segmentation of the caudate nucleus (CN) and nucleus accumbens (NA) by (A) manual tracing, (B) FreeSurfer v. 5.1 and (C) FreeSurfer v. 6.0. The white circle in (B) highlights the erroneous inclusion of the anterior commissure by FreeSurfer v.5.1 in the left NA.Fig. 5(Left) Coronal slice showing the hippocampal region, and (right) zoomed images of the boxed region showing segmentation of the left and right hippocampus by (A) manual tracing, (B) FreeSurfer v. 5.1 and (C) FreeSurfer v. 6.0. The red arrow in (A) indicates the alveolus, and the yellow arrows in (B) and (C) show bits of the posterior horn of the lateral ventricle erroneously included in the FreeSurfer segmentations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 6(Top) Hippocampal region on a sagittal slice, and zoomed images of the boxed region showing segmentation by (A,B) manual tracing, (C,D) FreeSurfer v.5.1, and (E,F) FreeSurfer v.6.0 for the (left column) left and (right column) right hippocampus, respectively.Fig. 7(Left) Mid-sagittal slice showing the corpus callosum (CC), and (right) zoomed images of the boxed region showing segmentation of the CC by (A) manual tracing, (B) FreeSurfer v. 5.1 and (C) FreeSurfer v. 6.0. The white arrows in (B) and (C) indicate the fornix and the red arrows the artery curving around the CC anteriorly that are often erroneously included in the CC segmentation. The yellow arrows in (C) indicate anterior and posterior sections of the CC that were mislabelled as cerebral white matter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Conversely, the caudate nucleus has very clear borders, and delineation is well-defined and agreed upon in the literature ([@b0015], [@b0070], [@b0120]). Intra- and inter-rater reliabilities of manual tracing were highest in this region, as were agreement and consistency across methods. [Fig. 4](#f0020){ref-type="fig"} visually confirms that the delineation of the caudate nucleus by all three segmentation methods is very similar. Cronbach's α indicates that internal consistency across all three methods is greater than the desired standard of 0.95 in this region.

Comparisons of manual and automated segmentation have often focused on the hippocampus, possibly due to the clinical implications of volume changes in this region ([@b0010], [@b0020], [@b0055], [@b0135], [@b0185]). Although ICC consistency and internal consistency for the hippocampus were better than for the NA and reached the minimum acceptable level of 0.7, absolute agreement was the worst. Similar to findings from other studies, hippocampal volumes from both versions of FreeSurfer were larger than those from manual tracing ([@b0010], [@b0055], [@b0185]). [Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"} show that this overestimation is likely due to differences in segmentation protocols. Manual tracing did not include the alveous (indicated in [Fig. 5](#f0025){ref-type="fig"}A by the red arrow) or the fornices. Since this white matter is difficult to differentiate from the grey matter in the coronal plane, the hippocampus was manually traced in the sagittal plane ([Fig. 6](#f0030){ref-type="fig"}A and B) where the white matter is more easily visible in terms of intensity and anatomical location. In [Fig. 5](#f0025){ref-type="fig"}B--C and [Fig. 6](#f0030){ref-type="fig"}C--F it can be seen that both versions of FreeSurfer include the alveous, as well as random bits of the posterior horn of the lateral ventricle (black areas indicated by yellow arrows) in the hippocampus segmentation.

In [Fig. 7](#f0035){ref-type="fig"}, we highlight on a midline slice of one participant errors observed on the automated segmentations of the CC. [Fig. 7](#f0035){ref-type="fig"}B and C show that FreeSurfer erroneously includes some of the fornix (white arrow) in the posterior CC, and the artery curving around the CC anteriorly (red arrow) in the anterior and mid-anterior CC segmentations. In [Fig. 7](#f0035){ref-type="fig"}C, FreeSurfer v. 6.0 mislabelled the anterior and posterior CC (yellow arrows) as cerebral white matter.

4.2. Validity {#s0070}
-------------

As hypothesized, volumes from all three segmentation methods demonstrated that increasing PAE is associated with smaller CC, caudate nuclei and hippocampi. Notably, automated segmentation additionally demonstrated association of increasing PAE with smaller NA -- findings that were not seen on manual tracing and that, for the most part, did not survive after control for TIV. Although automated segmentation demonstrated volumetric differences between diagnostic groups in more regions than manual tracing, both manual and FS6.0 showed *disproportionate* volume reductions, albeit below conventional levels of significance, in children with FAS/PFAS *only* in the right hippocampus. Volume reductions seen in other regions in children with FAS/PFAS on FreeSurfer v.6.0 did not survive after controlling for TIV, suggesting that these reductions may be a consequence of PAE-related reductions in overall brain size rather than a specific vulnerability of these regions to PAE.

Greater sensitivity in detecting dose-dependent than diagnostic PAE-related changes are consistent with findings in [@b0025], and has been shown also for other imaging modalities, including functional MRI ([@b0130], [@bib227]), brain metabolism ([@bib228]) and cortical morphology ([@bib226]).

Due to the poor reliability across methods of NA segmentations, we were cautious in interpreting the associations of increasing PAE with smaller NA volumes seen *only* on automated segmentations as being 'real'. Notably, few of these associations (only right NA on FS5.1) remained significant after controlling for TIV. In contrast, associations seen in hippocampi, where reliability across all three methods on ICC consistency reached at least 0.70 (despite poor absolute agreement), were seen across all methods and survived after controlling both for potential confounders and TIV, thereby inspiring greater confidence in the validity of this result. It is a limitation of the present study that we are unable to say with absolute certainty which group differences or associations are "real" (whether or not they were consistently seen across methods), as we do not know the "actual" volumes of the brain regions being studied. Based on the findings from this study, we recommend that studies examining morphometric changes resulting from pathology should employ at least two different segmentation tools and that findings in regions demonstrating reliabilities across methods on ICC consistency less than 0.70 should be interpreted with caution.

Since manual tracing is typically regarded as the "gold standard" for volume measurement, it was unexpected that adding volumes from FS6.0 to the multiple regression model of PAE showed greater improvement than adding volumes from FS5.1 or manual tracing. This result, which may be due to reduced variability associated with automated segmentation compared to manual tracing that involves an element of subjectivity, points to greater sensitivity of FS6.0 in detecting PAE-related volume changes.

The findings of this study are likely not limited to a paediatric sample with PAE. The success of automated FreeSurfer segmentation (especially version 6.0) in detecting PAE-related effects in easy-to-segment regions and the hippocampus similar to those seen on manual tracing in this sample of 9- to 11-year-old children that differs greatly from the healthy Western adult-based sample that was used in the development of FreeSurfer ([@b0065]), suggests that it can be applied with relative confidence in these brain regions to geographically different clinical cohorts of this age. Previous work from our group on 5-year-old children, however, showed significant discrepancies between manual tracing and automated FreeSurfer segmentation in detecting HIV-related volumetric changes ([@b0170]). Thus, care should be taken in younger populations where differences to an adult-based atlas and grey/white matter contrast differences due to incomplete myelination may be more significant.

5. Conclusion {#s0075}
=============

The present work confirms excellent reliability of volume measurements using manual tracing and automated FreeSurfer segmentation in easy-to-segment regions such as the CC and caudate nucleus in 9- to 11-year-old children with and without PAE. Despite poor absolute agreement between methods in the NA and hippocampus, all three segmentation methods detected dose-dependent volume reductions in regions where reliabilities on ICC consistency across methods reached at least 0.70, namely the CC, and bilateral caudate nuclei and hippocampi. PAE-related changes in the NA for which ICC consistency did not reach this minimum were inconsistent across methods and should be interpreted with caution. This is the first study to demonstrate in a pre-adolescent cohort the ability of automated segmentation with FreeSurfer to detect regional volume changes associated with pathology in the same regions, in the same direction and of the same order of magnitude as found using manual tracing.
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[^1]: For skewed data medians and interquartile ranges (IQR) were used. HE heavily exposed non-syndromal; FAS fetal alcohol syndrome; PFAS partial FAS; WISC-IV Wechsler Intelligence Scales for Children-Fourth Edition; AA absolute alcohol; TIV total intracranial volume as measured by FreeSurfer v. 6.0.

[^2]: Winsorized data used (PFAS/FAS n = 0, HE n = 0, Control n = 1).

[^3]: HE \> FAS/PFAS (*p* = 0.007), Control (*p* = 0.06).

[^4]: FAS/PFAS \< HE (*p* \< 0.001), Control (*p* = 0.006).

[^5]: FAS/PFAS \< HE (*p* = 0.001), Control (*p* = 0.035).

[^6]: FAS/PFAS \> Control (*p* = 0.035).

[^7]: Control \< FAS/PFAS, HE (both *p* \< 0.001); HE \< FAS/PFAS (*p* \< 0.001).

[^8]: Control \< FAS/PFAS, HE (both *p* \< 0.001); HE \< FAS/PFAS (*p* = 0.002).

[^9]: Control \< FAS/PFAS, HE (both *p* \< 0.001); HE \< FAS/PFAS (*p* \< 0.001).

[^10]: Control \< FAS/PFAS, HE (both *p* \< 0.001); HE \< FAS/PFAS (*p* \< 0.001).

[^11]: Control \< FAS/PFAS, HE (both *p* \< 0.001).

[^12]: Control \< FAS/PFAS, HE (both *p* ≤ 0.001); HE \< FAS/PFAS (*p* \< 0.001).

[^13]: *p* ≤ 0.1, \**p* ≤ 0.05, \*\**p* ≤ 0.01, \*\*\**p* ≤ 0.001.

[^14]: TIV Total intracranial volume; NA Nucleus accumbens; CC corpus callosum; L left; R right; ICC estimates based on a single-rating two-way mixed-effects model.

[^15]: TIV data only available for automated segmentations using FreeSurfer.

[^16]: Analyses used z-normalised CC volumes (for automated segmentation) and areas (for manual segmemtation).

[^17]: Values are Mean (SD); NA nucleus accumbens; CC corpus callosum; TIV total intracranial volume; HE heavily exposed non-syndromal; FAS fetal alcohol syndrome; PFAS partial FAS.

[^18]: Bold print denotes significance at *p* ≤ 0.05.

[^19]: *p*~1~: *p*-value after controlling for potential confounders (child sex, age, and lead concentration (ug/dl); maternal smoking during pregnancy and socioeconomic status).

[^20]: *p*~2~: *p*-value after controlling for TIV in addition to potential confounders (child sex, age and lead concentration (ug/dl); maternal smoking during pregnancy and socioeconomic status).

[^21]: FreeSurfer v.6.0 TIV used.

[^22]: FreeSurfer v.5.1 TIV used.

[^23]: NA nucleus accumbens; CC corpus callosum.

[^24]: Bold print denotes significance at *p* ≤ 0.05.

[^25]: *r* Pearson correlation coefficient.

[^26]: *β~1~* Standardised regression coefficient after controlling for sex of child, cigarettes/day during pregnancy, lead concentration (ug/dl), child age at scan and socioeconomic status.

[^27]: *β~2~* Standardised regression coefficient after controlling for sex of child, cigarettes/day during pregnancy, lead concentration (ug/dl), child age at scan, socioeconomic status and TIV from ^a^FreeSurfer v.6.0 or ^b^FreeSurfer v.5.1.

[^28]: Model 1 includes all confounders (child age, sex and lead; maternal smoking during pregnancy and socioeconomic status).

[^29]: Model 2 includes confounders and TIV.

[^30]: Model 3 includes confounders, TIV and ROI sizes (bilateral hippocampal and caudal volumes, and CC area/volume).

[^31]: BOLD denotes significance at *p* ≤ 0.05.

[^32]: TIV from FreeSurfer v6.0.

[^33]: TIV from FreeSurfer v5.1.
